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Polarization Coded Aperture Engineering

Master student: Yi-Kuan Chung Advisor: Dr. Chung-Hao Tien

Institute of Electro-Optical Engineering

National Chiao Tung University

Abstract

In the diffraction theory, scalar diffraction theory is based on specific material
condition or observed withrlow.NA. system; the fields are treated as the scalar
components to obtain a goeod approximation by relatively simple mathematics formula.
However, while the technique was fast’developed, the dimension and materials is
more and more small and"variety, respectively. Therefore; the vetorial properties of
light are no longer neglected in thesdiscussion of polarization.

In this thesis, first part was addressed about the effect of polarization in
different numerical apertures, the influence of polarization is more distinct as
numerical aperture increases. The second part was addressed to discuss extending
depth of focus by the synthesis of polarizations. The third part is to build up a
polychromatic SPR sensor system utilized excited chromatic radially polarized light

and optimize the system by purposed metal-insulator-metal (MIM) structure.
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Chapter 1

Introduction

Diffraction denotes the deviation of light rays from rectilinear propagation
which cannot be interpreted by either refraction or reflection. The diffraction theory
can be divided into two parts which is based on solving the boundary condition
problem or not. In this chapter, we will introduce two diffraction theories, then

compare to each other.

1.1 Scalar diffraction theory

Classical scalar diffraction theary. does.not solve the boundary condition
problem but a boundary value problem; it means that scalar diffraction theory is able
to describe diffraction wof light via a simple mathematical formula, because the
hypotheses of material lead to (all”components.of the electric and magnetic field
having identical behavior which,is fully described by a single scalar wave equation
[1].

If the propagation medium is linear, isotropic, homogeneous, non-dispersive,

nonmagnetic, then applying the V x operation to the Maxwell equation

_ d(V X E)
VX(VXH):ET (113)
. d(V x H)
VX(VXE) :—UT (11b)
Vx(Vxu)= V(- -u)—-Vu (1.1¢)

Where u represents any of the vector field components, substitution of the Eq. (1.1a)
and Eq. (1.1b) in Eq. (1.1c) yields

I
VH—C?=O (1261)

-



_ n?d%E B

2 _—————
VE - 555 =0 (1.2b)
Where n is the refractive index of the medium, defined by
e\/2
n= (—) (1.3a)
€o

And c is the velocity of propagation in vacuum, written as
1

vV Hoéo

Since the Eq. (1.2a) and Eq. (1.2b) can apply for both electric and magnetic field,

c= (1.3b)

therefore, it is possible to summarize the behavior of all components of electric and

magnetic field through a single scalar wave equation

n? 9%u(P,t
oulD

2
174 u(P,t)—C—Z 6t2

(1.4)
Where u(P,t) represents any scalar field compenents of electric and magnetic field,
and the components dependent on-both position P.in space.and time t.

From above we=assume that propagation 'medium is linear, isotropic,
homogeneous, non-dispersive, nenmagnetic;-then we /can treat the electric and

magnetic field as a scalar*field,to simplify the behavior of diffraction. The scalar

diffraction theory is well known as‘Fourier optics.

1.1.1 Kirchhoff diffraction formula
The Kirchhoff diffraction formula is a solution of the scalar, time-independent

wave equation using Green’s relation
fff(U(P)VZG(P) —G(P)V2U(P))dv
%4

aG(P U (P
- # (U(p)%—c(zn) 651 )>ds (1.5)

S=S1+S;

Where V is an arbitrary closed volume with closed surface S, n is the outward normal



direction at each point on S. U(P) and G(P) are any function of position. As shown in

Fig. 1-1

Fig 1-1 Slice through the volume V.

If U and G both satisfy the free-space Helmholtz equation.
72+ k*)G=0 (1.6a)
(V2 £k2)U =0 (1.6b)

Substituting the Eqg. (1.6a) and Eg. (1.6b) in'the' Eq. (1.5), we:obtain

# (UZ—i—GZ—Z)dS= (1.7)

Choosing a spherical wave as an auxiliary function expanding at the point Py, then the

value of G at arbitrary point P, is given by

[k
G(P,) = exp(ikroy)
To1
And
G(Py) I 1 exp(ikryy)
pra cos(n,ry1)(ik — a) T (1.8)

Where 1y, is the length of vector 7,; pointing from Py to P;. For a particular case of
P.on Sy, cos(n,7y,) = —1, the Eq. (1.8) become

eiks 9G (P 1 ike
and (P) =(——ik ¢
&

G(P) = on_

(1.9)

&

Letting ¢ is tending to zero, then



limﬂ U——G )ds
-0

1 ek 9U(P,) e'**
1 2 —_ 1 — =
= lgl£r64ne [U(PO) (e lk) - o 4tU(P,) (1.10)

Substitution of this result in Eq. (1.7) yields

U(P,) = ff{ lexp(lkrm)l

This result allows the field at any point Py to be expressed in terms of the “boundary

(1.11)

exp(lkrm)l} S

To1

values” of the spherical wave on any closed surface, it is known as the Kirchhoff

diffraction formula.

1.1.2 Fresnel-Kirchhoff diffraction formula

Furthermore, considering -the distance 1y, from..the aperture A to the
observation point is many times of optical wavelength, so we have k > 1/r0 ,»and Eq.

(1.8) become

0G(P;) exp(ikry,)
= cos(n, T (lk — —)——
on 101 To1
1k
~ ikcos(n, FOl)M (1.12)
To1
Substitution of this result in Eq. (1.11), we find
1 exp(ikry,) [0U . ..
U(Py) = Eﬂ B — [% — ikU cos(n, 71) | ds (1.13)
A

Now supposing there is a single spherical wave which illuminates the aperture

from P, to P4, as shown in Fig. 1-2.



Fig. 1-2 A plane screen with point-source illumination.

u(py) = Acxp(ikrya) (1.14)

21

If r,, is similar to ry; which is many times of optical wavelength, Eq. (1.13) can be

reduced

ds (1.15)

UP,) = A ff explik(ro 1+ [cos(n, 7o1) < €05 (1, 721)
A7) 701721 2
@

This result only holds=for illumination of a single’ paint source, known as the
Fresnel-Kirchhoff diffraction, formula. So far,: above /derivation is restricted to an
aperture illumination consisting.of.a single spherical wave, such restriction will be

moved by the Rayleigh-Sommerfeld theory.

1.1.3 Rayleigh-Sommerfeld diffraction formula

Although the Fresnel-Kirchhoff theory has been widely used in practice, it still
has inconsistent due to the theory showing failure when assumed boundary conditions
as the observation point approaches the screen or aperture. Therefore, Sommerfeld
corrected the theory.

If U is a boundary value on the screen, G must be zero there so that the second
term in vanishes, similarly, if aU/an is the boundary value, aG/an must be zero in

order for the first term to vanish. For both conditions, G must satisfies the Helmholtz
5



equation and Sommerfeld’s radiation condition (Eq. 1.16)

U
lim R (—n _ ikU) - (1.16)
Consider a particular case for a plane screen, as shown in Fig. 1-3. Green’s

function is determined by mirror method and formed from the superposition of two

spherical waves.

Fig. 1-3 Green 5 function in.a.diffraction planeby means of the mirror method.

If U is the boundary value, that is the First Rayleigh-Sommerfeld solution. It

can be expressed as
U;(Py) = - ﬁ U—d 1.17
1Fo S (1.17)

If aU/an is the boundary value, that is the Second Rayleigh-Sommerfeld solution. It

can be expressed as

1 (fou
U"(PO) = _T[Jj —nGdS (1.18)

Then substituted Eq. (1.12) and Eq. (1.14) into Eqg. (1.17), we can find

U, (Py) = % f f explik(or o)l ooz ) gs (1.19)
A

To1721
This result is known as the Rayleigh-Sommerfeld diffraction formula, and it includes

the significance of Huygens-Fresnel principle, we can rewrite the mathematically as
6



UPy) = éff U(Pl)MCOSH ds (1.20)
A

To1

It expresses the observed field U(P,) as a superposition of diverging spherical waves

exp(ikrgq)

" originating from secondary sources located at each and every point
01

P; within the aperture A. So far, through the endeavor of Kirchhoff and Sommerfeld,
the scalar diffraction theory developed steady. Afterward, the theory became more

complete by Fresnel and Fraunhofer.

1.2 Vector diffraction theory

From above, we can know that scalar diffraction theory is based on certain
hypotheses of material, and. did not_consider. the.‘boundary condition problem.
Therefore, scalar diffraction theory-has a-simple way to obtain analytical solution. In
vector diffraction theory;-the any kind of materials and boundary condition problem
will be considered; it means that.every.analytical.solution-must goes through many
times complex calculation” due, to the vector electric. fields component of every

direction will be calculated by Maxwell’s'equation'and boundary condition [2].

1.2.1 Vectorial Debye theory

When vectorial properties of electromagnetic fields are considered, the fields
cannot be treat as scalar, it means that the different component of electric fields will
couple into each other, the phenomenon is so-called depolarization. Especially in the
higher numerical aperture objective system, depolarization effect is more obvious.

In order to confirm this effect, we assume a linear polarized incident light
which along the x-axis. For the polar coordinate

E;(r) = P(r)cospa, — P(r)singpa, (1.21)



The P(r) is the amplitude distribution within the lens aperture, a, and a, is
the unit vectors in p and ¢ directions. As depicted in Fig 1-4. Then utilized the

vectorial Debye integral

i
N
y(7)
Objective
aperture Ay ap
N

Fig. 1-4 The'schematic diagram of* a,, a,,«X and .
The E(P,) is an electric-fields at point P, in-the focal region of an objective and the
Ey(P;) at point P; on the reference sphere.surface. Therefore the P, and P, are
represented by spherical and.polar coordinate system respectively. The origin of each

system is located at O.

X1 = fsinfcosp 2 _ .2 2 2
=xityitz
position P, = {y; = fsinfsing / , 23;1 , (1.23)
z; = —fcosf T AT
X, = T1,c0SY¥
position P, = R ={y, = np,sin¥ , r} = x2 +y? (1.24)
Z3
The unit vector s can be written as
s = sinfcospX + sinBsingy + cosH2Z (1.25)

The X, y and Z are unit vectors in x, y and z direction, then the Eq. (1.22) can

rewritten as



E(rZI llUr ZZ) =

i

fo Ey (0, p)exp[—ikr,sind cos(@p — W) — ikz,cos0] sinfdBde (1.26)
0

Considering the refraction of the wave on A-A’ plane, as shown in Fig 1-5 the P(r)

is converted to P(6), then, Eq. (1.21) become

/7I % Qe
Objective
aperture
P A

p

6 (
“2(2)
A!

T ’

Fig. 1-5/A side view-of the generalized optical system.

Ey(6,9) = E;(6,9) = P(8)cospa, = P(0)sinpa, =
P(0){[cosO + sin?@(l=.cos0)]x
+cospsing(cosd — 1)y + cospsinfz} (1.27)
We substitute Eq. (1.27) into the Eq. (1.26), leading to

E(TZr lpl ZZ) =

[
Z_ﬂ P(0){[cosO + sin?@(1 — cos)]X + cospsing(cosd — 1)P
0

+cospsinfz}exp[—ikr,sind cos(p — W) — ikz,cos0] sinfdfdep (1.28)
The integration with respect to ¢ is from 0 to 2z and 6 is from O to o, then the

electromagnetic wave in the focal region of an objective can be expressed as
Tl
E(r,,¥,z,) = 7{[10 + cos(2¥) L% + sin(2¥) I,y + 2icos¥W1,2} (1.29)

The definition of three variables I,, I; and I, is given by
9



a

I, = f P(0)sinb (1 + cosB)],(kr,sinb) exp(—ikz,cos6) db (1.30)
0
a

L = f P(8)sin?0 ], (kr,sind) exp(—ikz,cos0) d (1.31)
0

a
I, = f P(0)sinb (1 — cosB)],(kr,sinb) exp(—ikz,cos6) db (1.32)
0

Where the J,, J; and J, are the zero-order, first-order and second-order Bessel
functions of the first kind.

Eq. (1.29) shows the fields distribution in focal region of a higher numerical
aperture objective has three components even though the incident light is only one
component. We can find the vectorial properties of light can described by vectorial

Debye theory, but not in scalar diffraction theory.

1.2.2 Fresnel’s equations

The Fresnel’s equations discussed the reflection and: transmission coefficient
with different polarization in this situation, a plane wave is incident from medium 1
onto the interface to medium,2 under an incident angle 0,. If the electric field is
tangential to the interface, the electromagnetic wave is called s-polarization; the

orthogonal polarization is called p-polarization, as shown in Fig 1-6 (a) and (b).

Fig. 1-6 Geometry of Fresnel 5 equations for (a) s-polarization and (b)

p-polarization.

10



For s-polarization, the tangential incident fields are

E;, = tgexplin;ko(xsind; + zcos;)]

Ho= Tk o
ix = Wi COSU;Lyy

The reflected fields are

E,, = rsexp[in;ko(xsind; — zcosb;)]

o ="k ok
rx — a)” cos L=ry

And the transmitted fields are
Ey, = tsexp[in ko (xsind, — zcos6,)]

b, = "0 ose.E
tx_w‘ucostty

Requiring the continuity of fields-atthe interface;we can obtain
1 +7r=ts
n;cos@; — ryn;cosl; = tyn,cosb;

Then a non-magnetic medium was assumed. The solution is

n;cos0; — n.cos6,

Te =
$ T micos0; + n.cosb,

2njc0s0;

¥ mcosO; + n.cosb,

The calculation for p-polarization is similar,

nycosf; — n;cos6;

T, =
P n.cos; + n;cosb,

2n;cos0;

t, =
P n.cos; + n;cosb,

1.2.2 Jones calculus

(1.33)

(1.34)

(1.35)

(1.36)

(1.37)

(1.38)

Jones Calculus including matrix and vector operation is a quantitatively

mathematical description of polarization state. The polarization states can describe by

11



a vector, called the Jones vector, and each polarization optical element has associated
Jones matrix. Then the optical system can be described by multiplication with the
corresponding Jones vector and Jones matrix. If we have an linear polarized normal
incident beam which includes E, = Aexpli(—wt + kz)], the Jones vector of the

electric fields is
= Ex _ i(kz-wt) 17 normalized 1
E= [Ey] = Ae [o] el [0] (1.39)
Where A and B are amplitude, for convenience of computation, the time-dependent
term is ignored and then we denote the Jones vector into normalized forms.
When putting an polarization optical component, the state of polarization

transfer from [Ex Ey] into [Ex. 3], the optical component is represented by

Jones matrix.

[ EJ,C = a b Ex -
r=lgl =k alls] 2 (140)
Where J is the Jones vector of incident beam, J' is the Janes vector emergent beam,
and M is the Jones matrix:

Table 1.1 and Table 1.2 show.some general-examples of Jones vector and Jones

matrices.
Polarization Jones vector Ilustration
N y
Linear in x-direction 1
Y
Linear in y-direction [0 R
1 ’ X

12



1
Linear at 45° V2 [1] /

XV

AN y
1r1
Right circular V2 [—i]
X
N Yy
Left circular /'

S

i C

Table 1-1 The reference between polarization and Jones vector.

Optical element Jones matirx

Neutral element 1 0
0 1

X-polarizer 1 0]

0 0l

y-polarizer 0 0]

0 1

Quarter-wave retarder [ 1 =i
—i 1

Half-wave retarder [O 1]
1 0

Table 1-2 The reference between optical elements and Jones matrices.

1.3 Comparison of two diffraction theory
Through the discussion of scalar and vector diffraction theory, respectively, we
can find out some differences as following:

1. The vector diffraction theory is able to completely describe polarization of light,
13




but scalar diffraction theory cannot.

2. The thickness of obstacle is assumed as zero in scalar diffraction theory, but it
must be taken into account in vector diffraction theory.

3. The scalar diffraction theory is only an approximation; therefore, that entails some

degree of error.

1.4 Motivation & Organization

Recently, the optical engineering is rapidly developed. More and more
parameters of light and material properties should be taken into consideration due to
the dimension of interested area is gradually reduced. Therefore, the scalar diffraction
theory is not suitable anymore, the“vector diffraction theory is the only way to get
accurate solution. Polarization is—also .an .important. property of light in vector
diffraction theory; the different polarizations of light can-elicit different effects in
material. Through the vector diffraction.theory, we can/ observe the phenomenon of
interaction between light and material, and-discuss the. influence of polarization of
light in focus fields of light. “Conseguently;“we hope we can obtain some useful
applications utilize the influence of polarization of light in this thesis.

This thesis will be partitioned into three major parts, first part of this thesis talks
about the effect of polarization in different numerical aperture in chapter 2, the
influence of polarization is more distinct when numerical aperture is bigger. It will be
demonstrated in later.

The second part is the first application of polarization which called extended
depth of focus; it is achieved through the synthesis of two orthogonal polarizations or
higher order of inhomogeneous polarization. It will discuss in chapter 3. The third
part is the second application of polarization which is utilized to excited

polychromatic surface plasmon resonance, the system and synthesis method will be
14



introduced in chapter 4.

Finally, the conclusions and future works will be described in chapter 5.
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Chapter 2

Polarization Beams

The mode of the electric field vibration is called “polarization”. According to
the beam with the same polarization at every point within the pupil plane or not, the
polarization beam can divide into homogeneous and inhomogeneous. In this chapter,

the focal field properties of two kinds of polarization will be shown in following.

2.1 Homogeneous and inhomogeneous polarization

Homogeneous polarization keep: the identical polarization at every point within
the pupil plane; we can describe the field distribution by using the function dependent
on the ratio of electric field./If the-beam only has the x-component of electric field, it
is called x-directional linear polarization. If the phase delay-between x-component and
y-component is 90°, the polarization‘is.called-circular polarization.

As the standard operation, process is not homogeneous among the pupil, it is

inhomogeneous polarization beam:/The obvious difference can observe from Fig. 2-1

Fig. 2-1 (a) and (b) illustrates the homogeneous and in homogeneous

beam, respectively.

One typical spatially inhomogeneous beams is the cylindrical vector beams,
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which attracted much attention due to its symmetric feature. The general solution of
the wave equation for cylindrical vector beams includes two solutions: radially
polarized beam and azimuthally polarized beam. The orthogonal cylindrical vector
beams have the doughnut-shaped irradiance and good symmetry in r-direction or
¢-direction. Due to the good symmetry, the radially polarized beam is p-polarization
in omni-direction at the incident plane; likewise, the azimuthally polarized is
s-polarization, as shown in Fig. 2-2. Then the focused field distribution properties of

different polarization with different numerical aperture will be discussed in following.

Pupil plane

@
Azlmuthal

<——-i—->
polarization @ @

Fig. 2-2 Intensity distribution.of.the.cylindrical vector

Radlal
polarization

beams. (a) Radiak(b) Azimuthal polarization.

2.2 Properties of polarized beam
In this section, the polarization states at the entrance pupil are linear, circular,
radial, and azimuthal, respectively. Examples of focal distribution with different

numerical aperture foci are shown.

2.2.1 Linear polarization
Considering an entrance pupil in which the polarization is x-direction linear
polarized and constant amplitude. The focused field distribution is circular symmetry

for small numerical aperture, when numerical aperture increases, it become
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asymmetrical field which is larger along the direction of polarization due to the
electric field of z-components is no longer negligible in high numerical aperture, as
shown in Fig. 2-3. Therefore, the focused field is reduced which yields a broader
focus when numerical aperture is larger than 0.7. This is a direct result of the vector

effect.
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Fig. 2-3 Intensity profile of linearly polarized focus as numerical
aperture increases from 0.2 to 1.0, where the vectorial feature becomes

more apparent with high-NA system.
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2.2.2 Circular polarization

Now, considering an entrance pupil in which the polarization is right circular

polarized and constant amplitude. The focused field distribution is circular symmetry

no matter small or high numerical aperture, as shown in Fig. 2-4. Because of the

electric field of z-component has circular symmetry in the doughnut-shaped and

vanished on the optical axis. The x and y component are both asymmetrical but with

y-axis {um)

y-axis (um)

y-axis (um)

-1.25
-1.25 -0.625 0 0.625 125

orthogonal axes, so the sum of each components is symmetrical.
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Fig. 2-4 Intensity profile of circular polarized focus for increasing

numerical aperture.
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2.2.3 Radial polarization

For aforementioned polarization, their amplitude is constant, but for a radially
polarized pupil, amplitude forms a donut-shaped field because of the singularity in the
center. When numerical aperture is larger than 0.7, the optical field is transformed
from a doughnut-shaped to a flat-topped shape due to the depolarization effect starts
to govern the shape of the focused spot. Then the focused field of radially polarized
beams has a sharp intensity peak because of the strong depolarization effect which
caused the constructive interference of the z-component. Compared with linear
polarization and circular polarization, the smaller spot obtained from radial
polarization was under the conditions of numerical aperture larger than 0.9 and 0.95,
respectively [3], as shown in Fig.-2-5. But it was'noted that superior illumination only
exists in a high numerical.aperture.-On the other hand, because of the good polarized
symmetry in r-direction;.the ‘optical field still maintains circular symmetry for any

numerical aperture.

2.2.4 Azimuthal polarization

Azimuthal polarization is similar to radial polarization; the amplitude cannot be
constant and forms a donut-shaped field because of the singularity in the center and
due to the good polarized symmetry in o¢-direction, the optical field also maintains
circular symmetry for any numerical aperture. The special focused feature of
azimuthal polarization is that yields a doughnut-shaped field even when numerical
aperture is larger than 0.7, as shown in Fig. 2-6. The reason of the special focused
field is that adjacent parts of this polarization are n-phase shifted with each other,
respectively. And another special focused feature is that electric field of z-component
is zero, therefore, the azimuthal polarization created an optical cage with the absence

of z-component electric field at the vicinity of focal point, as shown in Fig. 2-7.
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Fig. 2-5 Intensity, profile_of radially polarized,beams in different
numerical aperture.’ When-numerical” aperture increased, the optical

field is transformed from a doughnut<shaped to-a flattopped shape.
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Fig. 2-6 Focused intensity profile of azimuthally polarized beams

for high numerical aperture.
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Fig. 2-7 Each component of focal fields in azimuthally polarized light,
due to the destructive interference of depolarization effect, the electric

field of z-component iszero.

2.3 Summary

The general solution with homogeneous and inhomogeneous polarization has been
discussed in aforementioned statement, respectively. Through the aforesaid discussion,
we can find out the homogeneous. polarizationis ‘not suitable in high numerical
aperture system in terms of bigger focal spot size or changed shape of focused fields
which results from vector effect. For inhomogeneous polarization, due to the
depolarization effect in high numerical aperture, radial polarization could be focused
tighter beyond the diffract limits. It can further improve the resolution and be applied
to particle acceleration [4,5], particle-trapping [6], lithography [7], and material
processing [8]. On the other hand, because of the specific phase distribution of
azimuthal polarization, it can generate a sharper focal spot which smaller than the
focal spot of linear polarization when it propagates through a vortex 0-2x phase plate
[9]. As a consequence, inhomogeneous polarization becomes more important in many

application of optics.
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Chapter 3

Application 1 — Extended Depth of Focus

It is well known that imaging systems are sensitive to defocus error. Since
1950s, many groups made an attempt reduce the sensitivity of defocusing by
extending the depth of focus. In this chapter, we will introduce a novel polarization

coding technique without post signal processing.

3.1 History and Principle

From the view of wave optics, the defocusing aberration produces finite depth
of focus (DoF) because it introduces an additionalr quadratic phase in the pupil
function of the imaging system, resulting in.a spatial low-pass filter effect. We will
demonstrate in following:

The optical transfer function (OTF) of a single-lens imaging system can be

written as a autocorrelation of the pupil function P(x y).

12, P+ 2k g g Pl W 20y gy

1) == ff PG i drdy -

Where f,, f, are the spatial frequencies, A is the wavelength of light, and z; is the

distance from the lens to image plane. For a circular pupil, when defocusing
aberration is considering, the generalized pupil function will leads to the form

P(x,y) = |P(x,y)lexp[ikW (x,y)] (3.2)
Where k = 2z/A, and W(X, y) is the aberration function of defocusing, it has the

quadratic form
(x*+y?)
W(x,y) = WmT

Where b is the radius of the aperture, and the number Wy, is a convenient indication of

(3.3)
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the severity of the defocusing error, is given by

W_b2<1+1 1> 24
m_z Zi ZO f (')

Where z, is the distance from the object to the lens and f is the focal length of the lens.
When the imaging condition is not fulfilled (W, is not zero), the OTF distribution is
narrower due to the quadratic phase factor arises. For the 1-D case Eq. (3.1) become
fjoooP(x +%)P* (x —/1Z2—l]cx> dx

2 IP@)1? dx

ikW, 2/1zl fox
[ = ] - (3.5)

H(fx’ Wm) =

~ Jagsy €xP

Where A(fy) is the 1-D overlap between two'shifted pupil functions. Then Eq. (3.5)

gives the 1-D OTF

H(f,) = (1 - %) 14 [SVZ’"” (Zf—;) (1 - Zf—;)] (3.6)

b : . :
Where = — , when Wy, is large value and. the value of f, is not too large in
¢ Az;

comparison to £, that A(fy) can be approximated by A(0), where A(0) is the total area

of the pupil. Then the OTF can e approximated by

kW, 2/12 frX
[, exp |t LX) dx
H(f,) ~ =2 [ §

2 exp [lkW 1 227, fx ] "

f t [LkW m2AZ;frx ]d
=57 rec 2b exp X

. 4Wmnzifx
= sinc (T) (3.7)

The expression of Eq. (3.7) demonstrates that defocusing aberration results a low-pass

filtering effect.

In order to reduce the effect of defocusing, various methods were investigated
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for overcome this limitation. In 1952, E. H. Linfoot and E. Wolf [10] computed the
complete out-of-focus airy pattern for annular apertures and incidentally found out the
DoF was increased, then 1960, W. T. Welford [11] investigate the phenomenon in
depth; this is the earliest and simplest method to reduce the defocusing aberration.
Due to the DoF is inverse proportion to pupil area, hence, through addition of binary
blocking mask in aperture plane, the DoF can be extend. The influence of additional

annular ring on total intensity field can be described mathematically

1(z) = 72f7 1 P = 7Tazz//1f2 (3.8)

Where a is radius of aperture, f is the distance from the exit pupil to the focus, and the

¢ 1s obstruction ratio of radiusas shown in Fig. 3=1.

d

Fig. 3-1 The configuration for annular aperture.

We can find out the total intensity field which does not change with different position
when ¢ is tending to unity. It means that DoF will extend to infinite, but unfortunately
when ¢ is larger, the side-lobe intensity of light fields and the obstructive area will
arise. Therefore, the system resolution and amount of light reaching the imaging plane

is lower.

Another approach uses the refractive elements (Axicon) in the aperture of the imaging

25



system [12,13]. An extended DoF is obtained due to the overlap region of beams
being diverted by refractive elements. As illustrated in in Fig. 3-2.

N ;L-*

depth of focus

s
>
\
—_— n /
I extending depth of focus

Fig. 3-2 The schematically“concept of“extending depth of focus by

refractive optics.

Recently, because=the computer«develops vary 'rapidly; it brings another
technique which is called wave-front ‘coding elements t0 ‘extend depth of focus [14].
This method is not an all-optical approach-due‘to:that requires digital post-processing,
the idea involves that inserting a basically aberration which is much stronger than the
defocusing aberration such that by digital post-processing a sharp image can be
reconstructed.

One of the popular elements is the cubic phase element, in normalized
coordinates; the pupil function with cubic phase element is given by

1 X ; 3 <1
P(x) :{ /\/7 exp(iax?) for |x| < (3.9)
0 otherwise
Where « is the coefficient which controls the phase deviation. Then the OTF related

to the pupil function can be approximated as

By~ ()72 o (O KPWES, 0 (310
(frr m)~(m) exp lT exp | i T ,UF (3.10)
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When « is a larger value, the third part of the approximated of the OTF can be ignored,
therefore, the OTF will be independent of defocusing. Although this type of solution
can increased DoF plenty but rather one that requires digital post-processing, thus it
does not fit to ophthalmic. In addition to cubic phase mask, there are still some
another mask, i.e. free-form phase mask and exponential phase mask. [15,16]

Then, a novel polarization coding technique will be introduced in following.

3.2 Combination of inhomogeneous beams

After realizing these methods which extending DoF utilize amplitude
manipulation or phase manipulation. In this section, we describe a novel
inhomogeneous polarization coding aperture:to_achieve extending DoF. In 2006,
Wanli Chi et al purposed this.novel technigue by:combining two independent
orthogonal linear polarized lights [£7]. As shown'in Fig. 3-3; it has been demonstrated
the effect which can extend DoF before. But in chapter 2, we already discuss the
properties with homogeneous,and inhomogeneaus:light; the inhomogeneous polarized
light is superior to linear polarized, light in terms”of focus spot size or influence of
polarized direction in higher numerical“aperture. Therefore, maybe we can not only
extend DoF but also increase the resolution by combing radial and azimuthal

polarized lights.

Fig. 3-3 The polarization coded aperture.
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In the combination with radially and azimuthally polarized light, there are two
kinds of synthesis, as shown in Fig. 3-4. Manipulating the proportion between radially
and azimuthally polarized light, we can find out the best ratio to obtain maximum of
extending DoF. In Fig. 3-5 (a) to Fig. 3-5 (j), the radially polarized light is in outer
ring region and the central circular region is azimuthally polarized light. The opposite
arrangement of two polarized light is showed in Fig. 3-6 (a) to Fig. 3-6 (j). The

numerical number of system in here is 1.45.

7 N
+O)~@

Fig. 3-4 Two.types of radial and azimuthal combination.

or

According to figures 3-4, we can find out the shape of light field is determined
by the polarization at outer ring region. Ihe.syntheses of two orthogonal polarizations
actually have the capability 1o extend depth of focus:"The best combinative ratio of
radially polarized light to azimuthally polarized light is 3:7 when radially polarized
light is at the outer ring region. On the other hand, when azimuthally polarized light is
at the outer ring region, the ratio of radially polarized light to azimuthally polarized
light is 7:3; the results can obtain from Fig. 3-5(g) and Fig. 3-6 (g). In Fig. 3-7, we
discuss the full width at half maximum (FWHM) in z-axis of the two kind of best
combination, Fig. 3-7 (a) and (b) shows the slice of focus fields on z-axis, and FWHM
is 1.48 times and 1.7 times comparing combination and non-combination, respectively.
However, although the inhomogeneous polarization coded aperture can extend depth
of focus, but one of the aperture cannot obtain more better resolution than linear

polarization coded aperture and the extend efficiency of these kinds aperture are not
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Fig. 3-5 (a) to (j) peak intensity across different z-axis position when

radially polarized light is in outer ring region.
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Fig. 3-6 (a) to (j) peak intensity across different z-axis position when

azimuthally polarized light is in outer ring region.
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Fig. 3-7 The FWHM of (a) radially polarized light and (b) azimuthally

polarized light focal fields.
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Fig. 3-8 The intensity profile comparison between linear polarization coded

aperture and in homogeneous coded aperture on x-y dimension.

good enough, as shown in Fig. 3-8.Therefore, we consider the depolarization effect of

radially polarized light again, to obtain the good extended depth of focus due to

depolarization effect in higher-order radially polarized light.
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3.3 Higher-order radially polarized beam

In chapter 2, we already discussed the properties of fundamental mode of
radially polarized beam in terms of its strongly longitudinal component which results
by depolarization effect forms a tight focal spot in high numerical aperture system.
For this reason, recently, the higher-order radially polarized beam have been attracted
much attention due to it can effectively reduce the focal spot size by destructive
interference on horizontal components[18], it means that the higher-order radially
polarized beam can produce a smaller focal spot size than fundamental mode in high
numerical aperture system. Therefore, in this section, we utilized the higher-order
radially polarized beam to achieve not only super-resolution but also extending DoF.
Since that very high longitudinal . component-has_been achieved nearly flat top axial
distribution in focal volume.

The order number.of radially-polarized beam depends:on how many ring it has.
Single-ring-shaped beam' is called fundamental mode =radially polarized beam
(R-TEMy;), and so on, double-ring=shaped :-heam is the ‘first order of higher-order
radially polarized beam which called R-TEMy4;"aS shown in Fig. 3-9. Here, we
compare the focus fields on z-axis between fundamental mode and two higher-order

modes.

R'TEMOl R'TEMll R'TEMZl

Fig. 3-9 The fundamental mode (R-TEMy;) and two higher-order

modes (R-TEM3; and R-TEMy;) of radially polarized beam.
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In Fig. 3-10, it shows the ability of extended DoF with higher-order radially
polarized beam, compare to fundamental modes (R-TEMy;), the FWHM is 1.7 times
and 2.11 times in R-TEM3y; and R-TEM, respectively. Of cause, the better results can

be expected when the more higher-order to be chosen.
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Fig. 3-10 The FWHM.of focal fields of different order of radially polarized beam.

Although the higher-orderradially polarized-beam"has many advantages, but it has a
vital constraint that the synthesis of-higher-order -beams is difficult to achieve. Up to
now, the strategy to generates higher-order radially polarized beam is nothing more
than through spatial light modulator (SLM) [19] or particular laser cavity design
[20,21], but these synthesis methods are sensitivity to environment perturbation or
precise manufacture. Therefore, the practical application of higher-order still has a

barrier to prevent the development.

3.4 Summary

In this chapter, we introduce two recipes of polarization coded to extend DoF;
one is the combination between radial polarization and azimuthal polarization, and the

other is the higher-order radially polarized beam. Employing the advantages of
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cylindrical vector beam, we can achieve high spatial resolution as well as extended

DoF in high numerical aperture system.
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Chapter 4

Application 2 — Chromatic Surface Plasmon Resonance

Recently, surface plasmon resonance (SPR) have been widely used to analyze
characteristics of material, providing quantitative and qualitative analyses due to its
unique character. In this chapter, the experimental setup for creating the chromatic
SPR and the optimized structure for objective-based configuration will be introduced

in the following.

4.1 History and Principle
The discovery of SPR. begins at 1902;.R.#W. Wood observed a weird

phenomenon that didn’t obey the diffraction theorem of grating when the polarization
of light with electric field.upright to the groove of metal grating [22]. He attempted to
explain the phenomenon=by oscillation with specific polarization of light and metal
grating structure. Until 1941, Fano  purposed-a new opinion about the interesting
phenomenon, he proposed a new electromagnetic wave along the surface when the
polarization of light with electric field upright to the groove of metal grating [23]. The
electromagnetic wave is so-called SPR afterward. Then in 1950, R. H. Ritchie and R.
A. Ferrell et al purposed the theoretic model of SPR sequentially [24, 25], From then
on, SPR elicited the interests of scientist, more attention invested in this study.

The SPR are collective oscillations of free electrons that can propagate between
the metal and dielectric surface. It is a kind of electromagnetic wave and confined
within the sub-wavelength of metal surface. Exactly as above said, the SPR are
electromagnetic wave, therefore, we can find the condition of existence of SPR from
Maxwell’s equation. In order to know the condition, we consider an interface between

two media and look for a homogeneous solution of Maxwell’s equations at the surface.
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The Maxwell’s equation at the surface between two media can be written as

—

VxH= dE
BT
VXE= dH
T
V-cE=0
V-H=0

(4.1a)

(4.1b)

(4.10)

(4.1d)

Next considering s-polarization and p-polarization incident waves propagate

between two media as shown in Fig. 4-1, for s-polarization incident wave, the wave

function is

Fig. 4-1 (a) s-polarization(b). p-polarization'waves propagate between two media.

z>0
171 = (Hy1,0,H,,) exp(kyx + ky 2z — wt)i

E,=(0E

y1 0) exp(ky1x + k12 — wt)i

z<0
ﬁz = (Hy2,0,Hy,) exp(kyox — kypz — wt)i

Ez = (O, Eyz, 0) exp(ky,x — kypz — wt)i

(4.2a)

(4.2b)

(4.2¢)

(4.2d)

From Eq. (4.2a) to Eq. (4.2d), these equations must satisfy boundary condition, then

electric fields and magnetic fields at the surface are of the form
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Ey1 = Ey, (4.3a)
uH,1 = uyH,, (4.3b)
Hy1 = Hy (4.30)
ki = kyy (4.3d)

Substituting Eqg. (4.2a) to Eq. (4.2d) into Eq. (4.1b) leads to

k;1Ey1 = —ugwHyy (4.42)
—kyEyy = —upywHy, (4.4b)
kx1Ey1 = —uywHyq (4.4¢)
ky2Eyy = —UywH,, (4.44)

For nonmagnetic materials, u,; =~ u,, according as Eq. (4.3a) to Eq. (4.3d), we can
obtain a result of wave-vector
Kz1-= —kz2 (4.5)

Comparing with dispersien relation

) 2
k2, + k%= & (?) (4.62)

) 2
k2 + k2, = ¢, (?) (4.6b)

We can know that Eq. (4.5) is contradiction'if &; # &, from Eq. (4.6). That because
the s-polarization wave only has electron field along the surface, so there are no
electron accumulation. Hence, the SPR for s-polarization don’t exist at the surface, in
other words, the s-polarization incident wave cannot excite the SPR
For p-polarization incident wave, the wave function is
z>0
171 = (O, Hy4, 0) exp(kyx + k12 — wt)i (4.72)

El = (Ey1,0,E,1) exp(ky1x + k12 — wt)i (4.7b)

37



z<0
H, = (o, Hy,, 0) exp(kypx — kzpz — wi)i (4.7¢)
E, = (Eyy,0,E,;) exp(kyyx — kypz — wt)i (4.7d)
From Eqg. (4.7a) to Eq. (4.7d), these equations must satisfy boundary condition, then

electric fields and magnetic fields at the surface are of the form

H,, = H,, (4.8a)
Ex1 = Ex; (4.8b)
&§E; = &E, (4.8¢)
ki =ky (4.8d)

Due to the symmetric of propagating wave at the interface, E,; = —E,,, then relation
of permittivity between two mediais

&= —& (4.9)
The significance of Eq.«(4.9) indicated the SPR-only exist-and are excited on metal

which is negative indexs*Then Substituting Eg. (4.7a) to-Eq. (4.7d) into Eq. (4.1a)

leads to
k1 Hy1= 1wk (4.10a)
ky1Hy, = —&1wE, (4.10b)
ky2Hyy = —&,0Ey, (4.100)
kyoHyp = €,0E,, (4.104d)
i—zll + I;—ZZZ =0 (4.10e)

Finally, from Eq. (4.10e) and Eq. (4.8d) it leads to dispersion relation

a1 = Kopp(@) = < & (w) + & (w) (4.112)

k, = /sikg —-k%, i=12 (4.11b)

In order to excite the SPR, we require that k,, isreal and k,; is purely imaginary in

w j £1(0) ()
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both media. Then permittivity of both media only can be
g1+& <0 (4.12)
€& <0 (4.13)
The significance of Eq. (4.13) and Eq. (4.12) is similar to Eq. (4.9), which means that
not only either index of two media must be negative, but also the absolute value of
negative index exceeding that of the other. Most of the materials, especially noble
metals have large negative real part of dielectric constant. Therefore, the SPR can
exist at the interface between a noble metal and a dielectric when the polarization of
incident light is p-polarization.

After realized the condition of existence of SPR, we can find out only
p-polarization light can excitesSPR0n the interface between metal and dielectric, so
recently, radially polarized light has-been wildly used to excite SPR due to the good
axial symmetric of p-polarization, and the merits-of radially-polarized light in terms of
a tighter focal spot already confirm<in<many investigations [26, 27]. But current
technology does not allow_for ‘a simply frequency sweeping operation system for
radially polarized light. These major issues-delay the progress on the development of
SPR and hinder further study on wavelength dependent material. Therefore, how to
simply create the white light radially polarized light and build up a polychromatic
radially polarized surface plasmon resonance (PC-RPSPR) sensor will be shown up in

following section.

4.2 Experimental Setup

The experimental setup of PC-RPSPR sensor can divide into two principal parts,
first part is synthesis of radially polarized white light utilized an approach of spatially
varying polarizer (SVP), as shown in Fig. 4-2 (a), and second part is the

metal-insulator-metal (MIM) structure for extending sensing range on sensor system.
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We utilize an unpolarized white LED (model: Luxeon Star/O LXHL-NWES) as a
light source which has advantages of low cost and is speckle free. A collimated
unpolarized light was converted to radially polarized light by the use of SVP. The
radially polarized white light then relays to the entrance pupil of the commercial
immersion objective lens (Olympus PlanApo-N 60x/1.45 Oil). Its corresponding half
divergence angle is 75.16°, well beyond the SPR resonant angle Osp ~ +45° at
wavelength Ao = 610 nm. After passing through the objective, the white light focus on
the MIM structure, Non-coupled reflected light has been collected and guides
backward into two different optical paths via the same objective lens. One optical path
projected the reflected intensity distribution onto CCD image sensor from the back
focal plane of the objective lens. The other optical-path records the spectra of reflected
beam via a spectrum analyzer. As shown in Fig. 4-2.

by =

_— 4 4= Test Medium (air/water) 3
20nm  Au

(a)

400 Amy Si0,

20nm  Au

Cover Slip Substrate

Matching Oil

White Spectrum
LED Analyzer
z .
> CCD
& *

M IL BS

Fig. 4-2 Configuration of the PC-RPSPR sensor, where CL: collimated lens,
SVP: spatial varying polarizer, RL: relay lens, BS: beam splitter, M: mirror,
IL: image lens, MIM: metal-insulator-metal structure. The insets show (a)

the photo of SVP, (b) the schematic diagram of MIM structure.
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4.2.1 Synthesis of polychromatic radially polarized light

The SVP consists of eight pieces of linear polarizer and the transmission axis of
every sector aligned to individual principle radial direction, as shown in Fig. 4-3. The
SVP is used to convert unpolarized white light into radially polarized white light. In
microscopies, nano-optics, and spectroscopy, polychromatic radially polarized beams
can supply other perspectives. Based on past reported studies, the common recipe to
synthesis or generate radial polarization are designed for a specific working
wavelength and rely on the use of phase element, liquid crystal, interference
configuration [28, 29, 30, 31]. Those elements are wavelength dependent. This means
that it cannot operate universally among different working wavelength in a fixed
design. However, only few numbers of-devices can,generate those kinds of light in
recently. The main systems’are.double conical . reflector system which based on
geometrical optics [32] and fiber-based system [33]. Unfortunately, the former system
crate a discontinuous ring beam shape; which decreases-the resolution due to the
increment of side-lobe part in,focal region and seems difficult to be apply for sensing;
the latter system need the procedure of precise_ optical alignment to couple incident
light into fiber. In other words, these systems are not simply and convenient. On the
contrary, proposed SVP is assembled by conventional polarizing element offering
wavelength independent properties for polarization conversion and simplify the
creative complexity of system. Also, it has a compact size with extremely low cost,

but this device exchanges those benefits for power consumption.

QAL
V T Y| xs = 4A»

Linear polarizer Radial polarizer T

Fig. 4-3 The SVP assembly, which is composed of eight sectors.
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4.2.2 MIM Structure
The MIM structure (Ao= 610 nm) is glass (¢ = 2.126) / 20 nm Au (¢ = -8.5 +

2.021) / 400 nm SiO; (e = 2.126) / 20 nm Au (e = -8.5 + 2.02i) sandwiched between
matching oil (¢ = 2.29) and a test sample (Air or Water), as shown in Fig. 4-2 (b).

The function of the MIM structure is used to extend the sensing range of
refractive index for test sample up to about 1.42. According to the excitation
mechanism of SPR, the incidence angle, which provides sufficient wave-vectors to
agree phase matching conditions, is greater than the critical angle. The SPR angle is
wavelength dependent and is related to the dispersion relation of metal. Its resonance
angle shifts up when working wavelength decreased. Furthermore, generally the
refractive index of living cells ate close-to-water (Ospr, water ~ 77.4 °, Lo = 610 nm)
which beyond the sensing limit for.objective lens with- NA = 1.45 (Omax ~ 75.16°, A=
610 nm). Under this circumstance;-the SPR dips-are outside:the observation windows
as the wavelength is smaller than 640 nm as shown in Fig=4-4. Therefore, the MIM
structure is purposed,

As the beam focused on the MIM structuré; net only cavity resonance (CR)
modes but also transformed surface plasmon‘resonance (T-SPR) modes which have
broader sensing range are generated. CR modes are insensitive to the change of the
refractive index of sample, but T-SPR mode is. The role of a MIM structure is to
transform generated cavity resonance (CR) modes into transformed surface plasmon
resonance (T-SPR) modes. The material and thickness of each layer determine the
resonance property of both modes. In order to maximum the depth of surface plasmon
resonant dips, we kept the symmetry property of MIM structure and set the overall
thickness of gold thin film as 40 nm, also, in order to confirm the effect of MIM
structure, we chose SiO; as insulator which is identical to substrate. In our case, when

the dip of CR modes exceeded the critical angle, the CR modes would yield abundant

42



TIR

0.87 0.8
Ll v
) ]
506 506
+ +
(] (]
L% L
= 0.4 % 04
o 7

02} 02

0 ' = ' 0 : * =
0 20 40 60 8o o 20 40 60 80
Incident Angle (degree) Incident Angle (degree)

Fig. 4-4 Comparison with the" differents test sample. (a) and (c) are
experimental data and (b) and (d).are simulation when test sample is air
and water, respectively/(e) and-(f) are the slice of (b).and (d), respectively.

The wavelength here:is 610 nm.

evanescent waves. Then, the energy of evanescent wave,would be transferred to a new
SPR which can be excited by smaller propagating constant, because MIM structure
[the thickness of insulator should be larger than 100 nm (150 nm) @ A = 450 nm
when test sample is chosen to be air (water)] supports an additional SPR solution in
the dispersion relation diagram. As a result, this T-SPR mode provides the capability
to detect sample with higher refractive index at the same incident angle, it also have
obviously angular shift and linear dependence in sensitivity, as shown in Fig. 4-5.
Thus, this new angle-to-angle mappings function extended the sensing range of the

refractive index up to n ~ 1.42 which is beyond typical range of living cells.
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Fig. 4-5 Obviously angular shift in T-SPR modes by comparing the different

refractive index of test sample.

4.3 Matrix method

After realizing the. function—of MIM structure, \the matrix method will be
introduced to simulate the efficiency of MIM structure.

Using the matrix method s facilitated to track the ‘complex amplitudes of the
forward and backward waves through the boundaries of multilayer structure. Consider
two waves propagating on both sides of dielectric interface. The electric fields can be
written as

= (A,e'*x1* + B e~ hn¥)eikzz midium 1 (4.14a)

E, = (Aye'fx2* 4+ B,e~tkx2¥)glkz2z midium 2 (4.14b)

Where A, and A, are the amplitudes of right-traveling wave which propagated
along +x direction, and B; and B, are the amplitudes of left-traveling wave which
propagated along -x direction. Solving the relationship between 4,, B;, A,,and B, in

a matrix form, we can obtain

R o | 1 R (415

Where r;,, t;, are the Fresnel reflection and transmission coefficients, D,, is
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defined as the transition matrix between dielectric layer 1 and 2. It is depend on the
polarization of light, thus problem is often treated separated for different polarization
State.

After realized the transition matrix relates the fields on both sides of medium
interface, now we need to consider a propagation matrix to solve the wave
propagating in a homogenous layer with refractive index (n) and thickness (d), as

shown in Fig. 4-6

Ay ny, dq By’
Fig. 4-6.Geometry for propagation.matrix.

[gi:l — |:e—l(p1 l(p1] [ ] P1 ] '(pl - ko X Tl1 X dl X 60591 (416)

Where P; is defined as the"propagation matrix. For lossless'media, propagation matrix
is unitary. Combining the transition_matrix and._the propagation matrix, we can deal
with the general multilayer structure very fast. Considering N-layer structures which
is illustrated in Fig. 4-7, the amplitudes ( 4q, B,) in medium O is related to medium N
(Ay, By) by following relationship.

A A
BO] = D01P1D12P2 ...DN_Z’N_1PN—1DN—1,N BN]
0 N

M11 M12] [AN] [AN]
= =M 417
My Myl [Byl =M B, (4.17)
Where M is transfer matrix, once the matrix is obtained, the information of Fresnel

coefficients of the multilayer structure can be calculated.
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Fig. 4-7 Schematic drawing showing the matrix method.

Then, we set the beam is launched, therefore, By = 0, and According Eq. (4.17),
AO - MllAN (4‘.183)
By = My,Ay (4.18b)

The Fresnel coefficients are given by

!

s = — 4.19a)
Ay My (
By | My
Ay My,

Following this method, the effect of MIM structure can‘be calculated.

4.4 Simulation and Experimental Data

Firstly, we show the effect‘of SVP-passing through the linear polarizer and
compare the excitation of SPR between simulation and experimental data. Secondary,
the effect of MIM structure will be confirm by sensing the different refractive indices.
Finally, we combined the radially polarized white light and MIM structure to detect
the different concentration of salt solution.

Fig. 4-8 shows that donut-shaped intensity profile of radially polarized white
light and the unique profiles which passes through different direction of transmitted
axis of analyzer. The results of Fig. 4-8 demonstrate the preliminary effect of SVP,

and then the effect will be further demonstrated by the excitation of SPR.
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Fig. 4-8 Radially polarized white light generated by SVP. The arrows

indicate the axis direction of analyzer.

To demonstrate the excitation: of chromatic SPR, -we choose three specific
wavelengths to compare:with simulated results; the chosen wavelength is 610 nm, 530
nm, and 450 nm, respectively. Far simplifying the-comparison, we do not consider the
effect of MIM structure; it means.that the structure‘is only a gold monolayer.

The comparison between Fig. 4-97(a) and Fig. 4-9 (b) shows that the
experimental results strongly agree with our simulation predictions. Therefore, the
effect of SVP is demonstrated. In the past, that is impossible to simply achieve. In
addition, for different operation purpose, the SVP device can be extended to create
arbitrary stat of polarization without loss of generality.

The effect of MIM structure which can extend the sensing range will be verified
by sensing in different refractive indices. Fig. 4-10 shows the reflective disk for
different sensing condition and set the radius of disk is unity. By analyzing the
distance between the central to SPR dip and the difference distance between different

sensing condition, we can find the MIM structure acturely supports an additional SPR
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Fig. 4-9 The (a) experimental and (b) simulated observation of
reflected rainbow disk for the case of free space in contact with the
gold monolayer structure, where subfigures 1 to 3 are respectively
show the dark resonance ring observed at wavelength 4 = 610 nm, 530

nm, and 450 nm.

solution which can be excited by smaller propagating constant.
The MIM structure was proposed to overcome the barrier of detecting
limitation of an objective based SPR sensor which is restricted by the NA of objective

lens. The MIM structure provides provides additional 11% observation window. It
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Fig. 4-10 Comparison shows the effect of MIM structure (A=610nm).

increases sensing range up to 1.42vand covers the general usage in bio-molecular
detection

Combining with radially polarized-white light and MIM structure, we are not
only able to analyze the-diameter change of dark ring in=a larger sensing range at
individual wavelength bysswitching color-filiers;-but also*by integrating the area of
reflective disc via spectrum_analyzer to monitor the refractive index change of test
sample. As the results, we proposed a scenario to analyze the NaCl solution with
different concentration to validate the technique and proposed model. The sample was
prepared by diluting a saturated salt solution. By integrating the intensity ratio of the
concentric spectral component via an additional spectrometer (Chung-Yu, USB-100),
a series of differential curves shown in dash lines feature two absorption peaks, which
is due to the non-uniformity of lighting source, as shown in Fig. 4-11. In order to
remove the weighting bias of illumination light at different wavelength, a normalized
deviation between salt solution and the condition of pure water is also demonstrated,
which indicates 466 nm, 566 nm, and 650 nm are relatively sensitive observation

windows in visible for monitoring the concentration change of a salt solution.
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Therefore, it provides a great feature of indicating suitable observation window for

researchers to study individual bio-sample.

Water (n=1.33)  NaCl 10% (n=1.3505) NaCl 20% (n=1.3684)

NaCl 30% (n=1.3863) NaCl 40% (n=1.4042)
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Fig. 4-11 (a) rainbow concentric ring in different sensing condition (b) the
spectra distribution of rainbow concentric rings as the medium above the

MIM structure is chosen saline with different concentration.

4.5 Summary
The advantages of PC-RPSPR sensor is not only to provide rich SPR

information of a local region at one time, which reveals the resonance angle of SPR
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for different wavelength, but also to supply larger sensing range. We demonstrated a
unique pattern with rainbow concentric ring which is generated by a PC-RPSPR
sensor integrated with a broadband radial polarizer and the practical influence of MIM
light coupler. Based on this configuration, a full color SPR wave is able to excite and
use to sense test samples with refractive index up to 1.42 covering most of living cells.
The rainbow concentric ring is rich and save all of SPR information regarding to

angular and wavelength spectra of a subwavelength-sized local region.

51



Chapter 5

Conclusions and Future work

5.1 Conclusions

In this thesis, we demonstrate two methods to extend the DoF, one is the
synthesis method of two orthogonal inhomogeneous beams, and the other is the
higher-order radial polarization method. The former takes advantages of the
orthogonality between two orthogonal polarizations, the polarization coded aperture is
equivalent to the adding of two apertures. The Jatter is based on high longitudinal
component to top axial distribution in focal volume. Wsing these concepts and based
on the simulation, different’ combinative- ratio of-two ‘inhomogeneous polarizations
and different order of radial polarization all-influence the effect of extended DoF.

Secondly, we demanstrate the‘production-of-chromatic radial polarization coded
aperture. For sensing application, the chromatic/radial polarization can excited
chromatic SPR, providing the resonance angle for different wavelength of a local
region at one time. Therefore, we build up a PC-RPSPR sensor; through integrating
the area of reflective disc via spectrum analyzer can supply another route to monitor
the characteristic properties of test sample. Furthermore, in order to optimize the
sensor, we also demonstrated that the purposed MIM structure can extend the
refractive index sensing range up to 1.42 in a 1.45 NA objective lens, which covers
the general usage in bio-molecular detection.

Finally, we proposed a scenario to analyze the NaCl solution with different

concentration to validate the capability of PC-RPSPR sensor.
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5.2 Future work

So far, we already confirm the effect of sensor system, the unique pattern with
rainbow concentric ring involves the rich information in local region, which is similar
to the size of a focused spot, in order to completely bring out the advantage of the
PC-RPSPR sensor. Next step, the dimension of detection will be extend to
two-dimensions from one-point by scanning operation, the obtained information can
constitute to a data cube, the data cube can present specific images of each specific
wavelength respectively. The specific images is more clearly and helpful to analyze
the characteristic properties of test sample. By scanning operation, the final objective
is that obtain a three-dimensional wavelength dependent refractive-index map of cell

structure. As shown in Fig. 5-1u

Scanning source Extinction map

Data cube

Y-axis location

"ffé X- axis location

Fig. 5-1 the productive procedure of data cube in PC-RPSPR sensor

Moreover, the defocusing error may occur in the scanning procedure, therefore,
the technique of extended DoF could be employed to decrease the influence of z-axis
by combining the radial polarization and azimuthal polarization. In addition to use the
extended DoF technique, the sensitivity of this sensor could be further enhanced by
coating gold nanoparticles on the top of metal surface. Also, it can integrate with
super continuum laser source to exploit surface-enhanced Raman scattering for more

applications.

53



References

[1] J. W. Goodman, Introduction to Fourier Optics (McGraw-Hill, New York, 1968).

[2] W. Singer, M. Totzeck, H. Gross, Handbook of Optical System 2: physical image
formation (Wiley-VCH, Weinheim, 2005).

[3] T. H. Lan and C. H. Tien, “Study on Focusing Mechanism of Radial Polarization
with Immersion Objective,” Jpn. J. Appl. Phys. 47 5806-5808 (2008).

[4] S. C. Tidwell, G. H. Kim, and W. D. Kimura, “Efficient radially polarized laser
beam generation with a double interferometer,” Appl. Opt. 32, 5222-5229 (1993).

[5] S. Takeuchi, R. Sugihara, and K. Shimoda, “Electron acceleration by longitudinal
electric field of a Gaussian laser beam,” J..Phys. Soc. Jpn. 63, 1186-1193 (1994).

[6] Q. Zhan, “Trapping metallic Rayleigh particles with radial polarization,” Opt.
Express 12, 3377-3382(2004).

[7] L. E. Helseth, “Rolesof polarization, phase and amplitude in solid immersion lens
systems,” Opt. Commum. 191, 161-172(2001).

[8] V. G. Niziev and A. Vi'Nesterov; “Influence of beam polarization on laser cutting
efficiency,” J. Phys. D 32,4455-1461 (1999).

[9] X. Hao, C. Kuang, T. Wang, and X. Liu, “Phase encoding for sharper focus of the
azimuthally polarized beam,” Opt. Letters 35, 3928-3930 (2010)

[10] E. H. Linfoot and E. Wolf, “Diffraction images in systems with an annular
aperture,” Proc. Phys. Soc. B 66, 145-149 (1953).

[11] W. T. Welford, “Use of annular apertures to increase focal depth,” J. Opt. Soc.
Am. 50, 749-753 (1960).

[12] J. H. Mcleod, “The axicon: a new type of optical element,” J. Opt. Soc. Am. 44,
592-592 (1954).

[13] J. W. Y. Lit and R. Tremblay, “Focal depth of a transmitting axicon,” J. Opt. Soc.
Am. 63, 445449 (1973).

54



[14] E. R. Dowski and W. T. Cathey, “Extended depth of field through wave-front
coding,” Appl. Opt. 34, 1859-1866 (1995).

[15] Y. Takahashi and S. Komatsu, “Optimized free-form phase mask for extension of
depth of field in wavefront-coded imaging,” Opt. Lett. 33, 1515-1517 (2008).

[16] Q. Yang, L. Liu, and J. Sun, “Optimized phase pupil masks for extended depth of
field,” Opt. Commun. 272, 56-66 (2007).

[17] W. Chi, K. Chu, and N. George, “Polarization coded aperture,” Opt. Express 14,
6634-6642 (2006).

[18] Y. Kozawa and S. Sato, “Sharper focal spot formed by higher-order radially
polarized laser beams,” J. Opt. Soc. Am. A 24, 1793-1798 (2007).

[19] X. L. Wang, J. Ding, W. J. Ni,.C.iS: Guo, and H. T. Wang, “Generation of
arbitrary vector beams with- a-spatial-light .modulator and a common path
interferometric arrangement,” Opt. Lett..32,3549<3551 (2007).

[20] Y. Kozawa and S. Sato, “Generation of-a radially polarized laser beam by use of
a conical Brewster prism,” Opt. Lett. 30, 3063—3065 (2005).

[21] K. Yonezawa, Y. Kozawa, and S: Sato,““Generation of a radially polarized laser
beam by use of the birefringence of a c-cut Nd:¥VO4 crystal,” Opt. Lett. 31,
2151-2153 (2006).

[22] R. W. Wood, “On a remarkable case of uneven distribution of light in a
diffraction grating spectrum,” Proc. Phys. Soc. London 18, 269-275 (1902).

[23] U. Fano, "The theory of anomalous diffraction gratings and quasi-stationary
waves on metallic surfaces,” J. Opt. Soc. Am. 31, 213-222 (1941).

[24] R. H. Ritchie, “Plasma losses by fast electrons in thin films,” Phys. Rev. 106,
874-881 (1957).

[25] E. A. Stern and R. A. Ferrell, “Surface plasma oscillations of a degenerate
electron gas,” Phy. Rev. 120, 130-136 (1960).

[26] S. Quabis, R. Dorn, M. Eberler, O. Gldckl, and G. Leuchs, “Focusing light to a
tighter spot,” Opt. Commun. 179 1-7 (2000).

55


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=OPEGAR000049000009093201000001&from_keyType=CVIPS&from_loc=AIP&to_j=OPLEDP&to_v=33&to_p=1515&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1364%2FOL.33.001515
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=OPEGAR000049000009093201000001&from_keyType=CVIPS&from_loc=AIP&to_j=OPCOB8&to_v=272&to_p=56&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.optcom.2006.11.021

[27] R. Dorn, S. Quabis, and G. Leuchs, “Sharper focus for a radially polarized light
beam,” Phys. Rev. Lett. 91, 233901 (2003).

[28] G. Machavariani, Y. Lumer, I. Moshe, A. Meir, and S. Jackel, “Efficient
extracavity generation of radially and azimuthally polarized beams,” Opt. Lett.
32, 1468-1470 (2007).

[29] M. Stadler and M. Schadt, “Linearly polarized light with axial symmetry
generated by liquid-crystal polarization converters,” Opt. Lett. 21, 1948-1950
(1996).

[30] N. Passily, R. S. Denis, K. Ait-Ameur, F. Treussart, R. Hierle, and J. F. Roch,
“Simple interferometric technique for generation of a radially polarized light
beam,” J. Opt. Soc. Am. A 22, 984-991 (2005).

[31] S. C. Tidwell, G. H. Kim, and W. D. Kimura, ” Efficient radially polarized laser
beam generation with a double interferometer,” Appl. Opt. 32, 5222-5229
(1993).

[32] A. Shoham, R. Vander, and S. G. Lipson, “Production of radially and
azimuthally polarized polychromatic beams,” Opt. Lett. 31, 3405-3407 (2006).

[33] T. Grosjean, M. Suarez, and A. Sabac, “Generation of polychromatic radially and
azimuthally polarized beams,” Appl. Phys. Lett. 93, 231106 (2008)

56



